Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) (Apo2 ligand [Apo2L] ) is a member of the TNF superfamily, which includes TNF, FasL, lymphotoxin, CD27L, OX40, CD30L, and CD40L (1, 30, 40) . All members in this superfamily are type II membrane proteins, and many of them are involved in a variety of cellular processes, including cell proliferation, differentiation, and apoptosis (42, 44) . Unlike other members, whose expression is transitorily regulated and detected only in certain tissues, TRAIL (Apo2L) is constitutively expressed in most types of tissues and cells (25, 34, 49) . It is believed that, like the active forms of TNF and FasL, the active form of TRAIL is a trimer (15, 28) . Five proteins, TRAIL-R1 (DR4), TRAIL-R2 (DR5), TRAIL-R3 (DcR1), TRAIL-R4 (DcR2), and osteoprotegerin, have been identified as TRAIL receptors (9, 32, 33) . Among these receptors, TRAIL-R1, TRAIL-R2, and TRAIL-R4 are type I membrane proteins and belong to the TNF receptor (TNF-R) superfamily (38, 47) . Like TNF-R1 and Fas, which are known as death receptors, TRAIL-R1 and TRAIL-R2 also contain a death domain in their cytoplasmic region and are able to transduce a TRAIL-induced death signal (5, 6, 33, 37) . TRAIL-R4 only has a truncated death domain and functions as a decoy receptor to block TRAIL-induced apoptosis (32) . TRAIL-R3 is also a decoy receptor because it lacks a cytoplasmic region (38) . Recently, it has been shown that osteoprotegerin, which was originally identified as a regulator of bone density, is able to bind to TRAIL (9) .
Upon binding to TRAIL-R1, TRAIL-R2, or TRAIL-R4, TRAIL can also activate the transcriptional factor NF-B and c-Jun N-terminal kinase (JNK) (5, 6, 29, 37) . In response to many stimuli such as TNF and interleukin-1 (IL-1), the activation of NF-B is mediated through IB kinase (IKK) and JNK is activated through the mitogen-activated protein kinase cascade, namely, JNKK1 (MKK4) and MEKK1 (8, 18, 24, 26, 27, 35) . The activation of JNK is a major regulatory step to activate the transcription factor AP-1 (18) . Inactive NF-B is located in the cytoplasm because its interaction with the inhibitory proteins, IBs, masks its nuclear translocation signal (3, 39) . When IKK is activated, it phosphorylates IBs. Then the phosphorylated IBs will be polyubiquitinated and rapidly degraded by the proteasome (3). The degradation of IBs leads to the release of NF-B and allows NF-B to translocate into the nucleus and to activate its target genes, some of which are the crucial mediators of the NF-B antiapoptotic function (4, 23, 43, 48) . It has been found that NF-B activation also protects cells against TRAIL-induced apoptosis (16, 17) .
Although some effort has been made to elucidate the molecular mechanism of TRAIL signaling, the components of different TRAIL signaling pathways are still largely undefined, despite the fact that the possible role of TRADD (TNF-R1-associated death domain protein), FADD (Fas-associated death domain factor), TRAF2 (TNFR-associated factor 2), or RIP (receptor-interacting protein) in TRAIL signaling has been suggested (1) . All of these four proteins are known to be essential for TNF-R1 signaling: (i) TRADD serves as an adapter molecule that recruits other proteins into the TNF-R1 complex (11) (12) (13) ; (ii) FADD is required for TNF-induced apoptosis (50, 53) ; (iii) RIP is essential for TNF-mediated NF-B activation (20, 41) ; and (iv) TRAF2 mediates TNF-induced JNK activation (21, 23, 31, 36, 51) . In this study, we investigated the role of RIP and TRAF2 in TRAIL signaling, espe-
RESULTS

TRAIL induces IKK and JNK activation in HeLa cells.
Upon NF-B-inducing stimulation, IB␣ is phosphorylated by IKK and degraded in the proteasome. To investigate whether TRAIL induces IKK activation, a time course of TRAIL treatment in HeLa cells was conducted, and the levels of IB␣ protein were detected at different time points after treatment by Western blotting. We found that the IB␣ protein level began to decline after 45 min of TRAIL treatment and started to recover by 120 min of treatment; the FADD protein level, measured as a control, showed no significant change (Fig. 1A) . Then we tested whether TRAIL-induced IB␣ degradation is induced by IKK. To do this, we treated HeLa cells with TRAIL for different times and measured the IKK activity of each sample by in vitro kinase assay with GST-IB␣(1-54) as the substrate (52) . As shown in Fig. 1B , IKK activity started to increase after 30 min of treatment and peaked at 45 min posttreatment. Although the kinetics of TRAIL-induced IKK is slower than the kinetics of TNF treatment (8) , TRAIL potently activates IKK, suggesting that TRAIL induces IB degradation through the IKK pathway. This conclusion is further supported by the observation that IB␣ is phosphorylated at Ser32 following TRAIL treatment (Fig. 1C) . The ability of TRAIL to induce JNK activation was also measured in HeLa cells by in vitro kinase assay with GST-c-Jun(1-79) as the substrate (23) . Again, TRAIL induced a slower but similar extent of JNK activation as TNF does in HeLa cells (Fig. 1D) . These results indicated that TRAIL, like TNF, activated IKK and JNK in HeLa cells.
The dominant negative mutant of RIP, RIP(559-671), blocked TRAIL-induced IKK and JNK activation. RIP and TRAF2 are essential for TNF-induced activation of NF-B and JNK (20-23, 31, 36, 41, 51) . It has been suggested that TRAF2 plays a similar role in TRAIL-R1-and TRAIL-R2-mediated NF-B and JNK activation (14) . To investigate whether TRAIL-induced IKK activation is mediated by RIP, we tested the effect of the dominant negative mutant of RIP, RIP(559-671), on TRAIL-induced IKK activation in HeLa cells. The role of TRAF2 on TRAIL-induced IKK activation in HeLa cells was also evaluated by overexpression of the dominant negative mutant of TRAF2, TRAF2(87-501). HA-tagged IKK␤ was cotransfected with the RIP(559-671) or TRAF2(87-501) expression vector, and its kinase activity was measured by in vitro kinase assay after immunoprecipitation with the anti-HA antibody. In the case of RIP(559-671), the expression vector for the cowpox virus protein CrmA, a potent apoptosis inhibitor, was also included in order to inhibit RIP(559-671)-induced apoptosis. As shown in Fig. 2A , the ectopic expression of RIP(559-671) almost completely abolished TRAIL-induced IKK activation (top panel, lane 3), while overexpression of TRAF2(87-501) only partially inhibited IKK activation after TRAIL treatment (top panel, lane 4). As controls, the CrmA, wild-type (wt) RIP, or wt TRAF2 expression vector was also used to cotransfect cells with HA-IKK␤. The expression of CrmA, wt RIP, or TRAF2 has no effect on TRAIL-induced IKK activation (data not shown). The expression level of HA-IKK␤, RIP(559-671), or Flag-TRAF2(87-501) was detected with anti-HA, anti-RIP, or anti-Flag antibody, respectively. To understand the roles of RIP and TRAF2 in TRAIL-mediated JNK activation, cotransfection experiments were performed with HA-JNK1 and RIP(559-671) or TRAF2(87-501) as described above. HA-JNK1 was immunoprecipitated with the anti-HA antibody, and its kinase activity was determined by in vitro kinase assay. In the presence of either RIP(559-671) or TRAF2(87-501), as detected by Western blotting with anti-RIP or anti-Flag antibody (Fig. 2B ), TRAIL-induced JNK activation was completely blocked (Fig. 2B , top). The expression level of HA-JNK was measured by Western blotting with the anti-HA antibody. The CrmA, wt RIP, and wt TRAF2 expression vectors were used as controls. The presence of CrmA, wt RIP, or wt TRAF2 has no effect on TRAIL-induced JNK activation (data not shown). These results indicated that ectopic expression of the dominant negative mutant RIP potently disrupted TRAIL-induced activation of both IKK and JNK, implying that RIP may play an essential role in both IKK and JNK activation by TRAIL treatment. However, because overexpression of dominant negative mutant TRAF2 had more profound, disruptive effect on TRAIL-induced JNK activation than on IKK activation, the function of TRAF2 may be more critical for JNK activation than for IKK activation by TRAIL.
TRAIL failed to induce IKK activation in RIP ؊/؊ fibroblasts, while TRAIL-induced JNK activation was impaired in both RIP ؊/؊ and TRAF2 ؊/؊ cells. To further evaluate the roles of RIP and TRAF2 in TRAIL-induced NF-B activation, we investigated IB degradation by Western blotting and IKK activation by in vitro kinase assay in response to TRAIL treatment in RIP Ϫ/Ϫ and TRAF2 Ϫ/Ϫ mouse fibroblasts. The wt fibroblasts were used as controls. In these experiments, GST-TRAIL, instead of TRAIL, was used to treat cells, as it exerted better activity in mouse fibroblasts (data not shown). In the wt cells, IB␣ degradation was detectable by 15 min after treatment, and most degradation was observed by 30 min after TRAIL treatment (Fig. 3A, top) . The IB␣ level returned to its normal level by 75 min after TRAIL treatment. In TRAF2 Ϫ/Ϫ cells, IB␣ degradation showed similar kinetics (Fig. 3A, middle) . However, there was no detectable degradation of the IB␣ protein in the RIP Ϫ/Ϫ cells after TRAIL treatment (Fig. 3A, bottom) . The activation of IKK in these cells was also determined. TRAIL treatment efficiently activated IKK in both wt and TRAF2 Ϫ/Ϫ cells (Fig. 3B, top) . In contrast, TRAIL-induced IKK activation was barely detected in RIP Ϫ/Ϫ cells. Since comparable expression levels of IKK␣, IKK␤, and one of the major TRAIL receptors, TRAIL-R1, were detected in these three types of cells (Fig. 3B [middle panels] and data not shown), it is unlikely that the decrease of IKK activation in RIP Ϫ/Ϫ cells resulted from the altered expression of IKK or TRAIL receptor. The protein levels of RIP and TRAF2 were also measured by Western blotting (Fig. 3B,  bottom) . Furthermore, the absence of the IKK activation in RIP Ϫ/Ϫ cells is TRAIL specific, because these RIP Ϫ/Ϫ cells displayed normal IL-1-induced IKK activation as the wt and TRAF2
Ϫ/Ϫ cells did (Fig. 3C ). Taken together, these results further supported the observation from the transient transfection experiments: RIP, not TRAF2, plays an essential role in TRAIL-induced IKK activation.
Similarly, we used RIP Ϫ/Ϫ and TRAF2 Ϫ/Ϫ fibroblasts to further determine the functions of RIP and TRAF2 in TRAILinduced JNK activation. TRAIL activated JNK efficiently in wt fibroblasts, but only marginally in both RIP Ϫ/Ϫ and TRAF2
Ϫ/Ϫ cells (Fig. 4A, top) . Similar levels of JNK1 expression in these cells were detected (Fig. 4A, bottom) . These results suggested that both RIP and TRAF2 are required for transducing the TRAIL signal to fully activate JNK. The defectiveness of JNK activation in RIP Ϫ/Ϫ and TRAF2 Ϫ/Ϫ cells was specific to TRAIL treatment because those RIP Ϫ/Ϫ and TRAF2 Ϫ/Ϫ cells responded to IL-1 and UV treatment as efficiently as the wt cells did in terms of JNK activation (Fig. 4B and data not  shown) .
To rule out the possibility that some other defects in the signaling pathway of TRAIL-induced IKK or JNK activation are present in RIP Ϫ/Ϫ or TRAF2 Ϫ/Ϫ cells, we tested whether TRAIL-induced IKK or JNK activation could be reconstituted in those cells. To examine the reconstitution of TRAIL-induced IKK activation, the expression vector for either Myc-RIP or Flag-TRAF2 was cotransfected with HA-IKK␤ into RIP Ϫ/Ϫ or TRAF2 Ϫ/Ϫ cells, respectively. Following treatment with GST-TRAIL, the transfected HA-IKK␤ was immunoprecipitated for in vitro kinase assay. As shown in Fig. 5A , RIP expression could restore the IKK activation in response to TRAIL treatment in RIP Ϫ/Ϫ cells. Since TRAIL-induced IKK activation was normal in TRAF2 Ϫ/Ϫ cells (Fig. 3B) , the expression of TRAF2 had little effect on TRAIL-induced IKK activation in TRAF2
Ϫ/Ϫ cells. Similarly, we also ectopically expressed Myc-RIP or Flag-TRAF2 with HA-JNK1 in RIP Ϫ/Ϫ or TRAF2 Ϫ/Ϫ cells, respectively, in order to measure the reconstitution of TRAIL-induced JNK activation. In these experiments, HA-JNK1 was immunoprecipitated for in vitro kinase assay. As shown in RIP is a component of the TRAIL-R1 signaling complex. It is believed that as for TNF, TRAIL ligation initiates its receptors' trimerization and that this aggregation of TRAIL receptors leads to the recruitment of downstream effector molecules to the receptor signaling complex (1, 15, 28) . Since our data suggested that RIP is essential in TRAIL-induced activation of both IKK and JNK, it might be a component of the TRAIL receptor complex. To test this possibility, we first investigated whether RIP interacts with TRAIL receptors by ectopic expression of RIP and TRAIL-R1 in HEK293 cells. Because RIP is recruited to the TNF-R1 complex through TRADD and it has been suggested that FADD is involved in RIP-TRAIL-R1 extracts derived from HeLa cells with or without TRAIL treatment. In these experiments, endogenous TRAIL-R1 was immunoprecipitated with anti-DR4 antibody, and the immunoprecipitates were analyzed with different antibodies. As shown in Fig. 6B , while RIP was not coprecipitated by anti-DR4 antibody from the nontreated cell extract (lane 3), RIP was present in the TRAIL-R1 complex that was immunoprecipitated from the cell extract with TRAIL treatment (lane 6). The control antibody, anti-HA, failed to pull down RIP (lanes 2 and 5). However, no TRADD and FADD were detected in the same TRAIL-R1 complex when the same blot was probed with anti-TRADD and anti-FADD antibodies (data not shown). These results suggested that TRAIL treatment induces the recruitment of RIP to the TRAIL-R1 complex. Although overexpression of TRADD and FADD can help RIP bind to TRAIL-R1, both TRADD and FADD are not in the TRAIL-R1 complex.
Neither RIP nor TRAF2 is required for TRAIL-induced apoptosis. TRAIL is a potent inducer of apoptosis, but the molecular mechanism of TRAIL-induced apoptosis is still unclear (1). Since our study suggested that RIP and TRAF2 are important components of the TRAIL signaling pathway, we next investigated whether RIP and TRAF2 are involved in TRAIL-induced apoptosis. Normally, fibroblasts do not die upon TRAIL treatment, but they can be rendered sensitive to TRAIL in combination with cycloheximide (CHX) treatment. Therefore, to induce apoptosis, the wt, RIP Ϫ/Ϫ , and TRAF2 Ϫ/Ϫ cells were treated with both GST-TRAIL and CHX. Cells were collected at 0, 2, 4, 6, 8, and 24 h after treatment, and the percentage of apoptosis in each type of cells was determined by trypan blue exclusion staining. As shown in Fig. 7 , the absence of RIP or TRAF2 had no effect on TRAIL-induced apoptosis since both RIP Ϫ/Ϫ and TRAF2 Ϫ/Ϫ cells died to the same extent as the wt cells. These results suggested that both RIP and TRAF2 are not required for TRAIL-induced apoptosis.
DISCUSSION
Because TRAIL selectively induces apoptosis in tumor or transformed cells but not in normal cells, it has shown great potential to be a valuable tumor therapeutic agent (2, 10, 46) . Like other members of the TNF superfamily, TRAIL has other biological functions such as activating transcription factor NF-B and JNKs (14, 16, 17, 29, 37) . Although much effort has been made to investigate the biological functions of TRAIL since it was discovered, the molecular mechanism of TRAIL signaling is still largely unknown. Recently, it was suggested that TRAF2, an important effector of TNF signaling, was involved in both NF-B and JNK activation induced by overexpression of TRAIL receptors (14) . In our study, we reported that another critical effector of TNF signaling, RIP, plays a critical role in TRAIL-induced activation of both IKK and JNK. We also found that while overexpression of the dominant negative mutant TRAF2 blocked TRAIL-induced IKK and JNK activation, the absence of TRAF2 affected TRAIL-induced JNK activation but had little effect on IKK activation. In addition, we also demonstrated that neither RIP nor TRAF2 was required for TRAIL-induced apoptosis.
The death domain kinase RIP is an essential effector for TNF-induced NF-B activation (20, 41) . It has been suggested that RIP plays a similar role in DR3/Apo3-mediated NF-B activation (1). Here we provided evidence that RIP is also essential in TRAIL-induced NF-B activation. The dominant negative mutant of RIP efficiently blocked TRAIL-induced IKK activation. In RIP Ϫ/Ϫ cell lines, no IKK activity was detected following TRAIL treatment. Furthermore, we found that RIP was present in the TRAIL-R1 complex, whose for- mation is TRAIL dependent. However, because RIP does not directly interact with TRAIL-R1 (Fig. 6A) , it seems that the recruitment of RIP requires additional adapter molecules. In previous overexpression experiments, it was shown that the presence of TRADD and FADD resulted in the interaction of TRAIL-R1 and RIP (5). Our results have confirmed this observation (Fig. 6A) . But since TRADD and FADD were not found in the TRAIL-R1 complex (Fig. 6B) , they may not be the molecules that mediate the endogenous TRAIL-R1-RIP interaction. Consistent with this possibility, it has been shown that FADD is not required for TRAIL-R1-mediated apoptosis (25) . Therefore, it is possible that the recruitment of RIP to TRAIL receptors is mediated by other death domain-containing factors. Previous studies involving overexpression of the dominant negative mutant RIP had shown that RIP was involved in TNF-induced JNK activation (23) . However, a study using RIP knockout mice showed that RIP had little effect on TNFinduced JNK activation (20) . In this study, however, we found that RIP was required for TRAIL-induced JNK activation. Overexpression of the dominant negative mutant RIP completely abolished TRAIL-induced JNK activation (Fig. 2) . In addition, TRAIL-induced JNK activation was greatly decreased in RIP Ϫ/Ϫ cells (Fig. 4) . These data suggested that RIP is involved in IKK and JNK activation by TRAIL treatment. Therefore, RIP is a critical effector in TRAIL signaling.
TRAF2 was initially identified as a component of the TNF-R2 complex and was also found in the TNF-R1 signaling complex (23, 31) . Previous studies involving overexpression of TRAF2 and its dominant negative mutant had shown that TRAF2 played a critical role in TNF-induced NF-B and JNK activation. However, the aforementioned study with a genetic approach reported that removal of TRAF2 caused the diminishment of TNF-induced JNK activation and had only a minor effect on TNF-induced NF-B activation (51) . In this study, we found that TRAF2 had a similar effect on TRAIL signaling: the absence of TRAF2 severely affected TRAIL-induced JNK activation but had no detectable effect on IKK activation ( Fig.  3 and 4) . But in the overexpression experiments, we found that TRAIL-induced activation of both IKK and JNK was blocked by the dominant negative mutant of TRAF2 (Fig. 2) . This observation is consistent with a recent report (14) . One possibility is that other TRAF proteins, such as TRAF5, may replace the function of TRAF2 to mediate TRAIL-induced IKK activation. Therefore, the effect of the absence of TRAF2 on TRAIL-induced IKK activation might be minimized by the presence of other TRAF proteins. However, when the dominant negative mutant of TRAF2 is overexpressed, it might also block the function of other TRAF proteins; as a result, overexpression of the dominant negative mutant of TRAF2 inhibits TRAIL-induced IKK activation. Further studies are necessary to elucidate the role of TRAF proteins in TRAIL-induced IKK activation.
It has been reported that FADD is dispensable for TRAILinduced apoptosis although it is essential for TNF-and Fasmediated cell death (25, 50, 53) . But because overexpression of dominant negative FADD efficiently blocked TRAIL-induced apoptosis (45) , it is possible that a FADD-like death factor mediates TRAIL-induced cell death. In this study, we demonstrated that neither RIP nor TRAF2 is required for TRAILinduced apoptosis (Fig. 7) . Although JNK activation is essential for cells to undergo apoptosis in some circumstances, it is unlikely that JNK activation is involved in TRAIL-induced apoptosis since TRAF2 Ϫ/Ϫ cells died to the same extent as wt fibroblasts. On the other hand, because NF-B activation provides an antiapoptotic effect (4, 23, 43, 48) , RIP-mediated NF-B activation following TRAIL treatment may protect cells against TRAIL-induced apoptosis. Unfortunately, because RIP Ϫ/Ϫ fibroblasts are insensitive to TRAIL treatment and CHX is necessary to induce death of RIP Ϫ/Ϫ cells, we failed to evaluate the antiapoptotic effect of NF-B activation in TRAIL-induced apoptosis with those fibroblasts. However, we found in a previous study that RIP was cleaved by caspase-8 in Fas-, TNF-, and TRAIL-induced apoptosis (22) . Importantly, the cleavage of RIP abolished its ability to efficiently activate NF-B. Therefore, NF-B activation may also be antiapoptotic in response to TRAIL treatment. This possibility is further supported by the observation that inhibition of NF-B activation sensitized several types of tumor cells to TRAIL treatment (16, 17) .
Taken together, the results of our study shed some light on the molecular mechanisms of TRAIL signaling. We demonstrated that both RIP and TRAF2 are important effectors of TRAIL signaling. In addition, neither RIP nor TRAF2 is required for TRAIL-induced apoptosis. Because TRAIL has been pursued as a potential cancer therapy, knowledge of TRAIL signaling will accelerate this process and help in developing new strategies for improving its therapeutic value.
